The contact pressure acting on the sheet/tools interface has been studied because of growing the concern about the wear of tools. Recent studies make use of numerical simulation software to evaluate and correlate this pressure with the friction and wear generated. Since there are many studies that determine the coefficient of friction in sheet metal forming by bending under tension (BUT) test, the contact pressure between the pin and the sheet was measured using a film that has the ability to record the applied pressure. The vertical force applied to pin was also measured. The results indicate that the vertical force is more accurate to set the contact pressure that using equations predetermined. It was also observed that the contact area between the sheet and the pin is always smaller than the area calculated geometrically. The friction coefficient was determined for the BUT test through several equations proposed by various authors in order to check if there is much variation between the results. It was observed that the friction coefficient showed little variation for each equation, and each one can be used. The material used was the commercially pure aluminum, alloy Al1100.
Introduction
For the BUT test as in a stamping piece, the contact pressure is difficult to measure. There are efforts to determine this pressure, but currently only the result given by numerical simulation is known. Some studies have found that the profile of this pressure is not constant, i.e., there are two pressure peaks located near the beginning and end of the contact between the sheet and pin. It was also shown that this pressure profile occurs in the same way in the die radius. In 1997, Sniekers and Smits [1] demonstrated through finite element simulation of the BUT test that the contact pressure between the sheet and the pin had an irregular profile and that there were two major peaks of pressure.
Likewise, Kim et al. [2] also found that the pressure has an irregular profile by a finite element software. Furthermore, Kim et al. [2] found that the contact angle between the pin and the sheet is smaller than the bending angle of the array (90 degrees). Pereira et al. [3] conducted an analytical study also by simulating the contact pressure in the die radius during straining of a strap and found that the pressure peaks are due to high bending moments that occur in these areas making the central part of these peaks suffer loss of contact, greatly reducing the pressure in this region. These bending moments are generated by the spring back of the sheet. Pereira et al. [3] also found that the contact angle between the sheet and the die is less than 90°. In 2008, Pereira and Rolfe [4] made a more elaborated study on the evolution of contact pressure of a straight strip in the die radius region. It was shown that there is a transient region of contact pressure which corresponds to the beginning of sheet strain, after that the pressure stabilizes. It also demonstrated that the parameters that influence the pressure are the blank material ultimate tensile strength and the relationship between the die radius and the sheet thickness.
The results shown here are all based on finite element simulation, but in 2002, Coubrough et al. [5] measured the contact pressure by the addition of a film of piezoelectric material on the pin in the BUT test. The results obtained through this film were in Volt because this material had not been calibrated, however, this measure was proportional to the pressure value on the pin. Two tests were made, with the free pin (where the pin can rotate freely) and another with the fixed pin and what had been simulated [1] - [3] was proved. It was also observed that the beginning of contact between the sheet and the pin occurred at a previous angle, which is in accordance with simulations of Pereira et al. [3] . In 2007, Hoffmann et al. [6] conducted a study comparing the wear occurred in the die radius to seven combinations of sheet material and the tools. The wear that occurred in the die radius was measured and compared with numerical simulations. The results indicated that the greatest wear occurred precisely in those regions where the contact pressure between the sheet and die have high values and that these regions of greatest wear are located in the input and output of the bend radius of the sheet. Thus, one objective of this work is to know what is the contact pressure acting on the bending radius of the pin in the BUT test by applying a film that has the ability to measure this contact pressure. Another objective is to calculate the coefficient of friction that acts during the BUT test for different levels of pressures.
Experimental Analysis

1) Bending Under Tension Test
The BUT test consists of bending a strip of sheet through a pin of predetermined radius and make it slide. For this, a force is applied at one end of the sheet so that there is relative movement between the sheet and pin. At the other end there is a force contrary to the movement in order to hold the sheet and be able to vary the contact pressure applied on the pin. Figure 1 shows a schematic view of this test. The force that generates the movement is called the pull force (F 1 in Figure 1 ) and the force which is applied in the opposite direction is the back tension force (F 2 in Figure 1 ). The pin of radius r has the function to simulate the frictional radius stamping die because, in this region, the stresses are greatest according to [7] .
In this test, there are two forces necessary to make the sheet to slide over the pin, one is the frictional force between the contact surfaces and the other is the force required for the bending and unbending the sheet. Since the purpose of the test is to know the frictional force between the contact surfaces, it runs in two steps. At first, the pin can rotate freely, so that there is no relative motion at the interface pin/sheet. This creates a condition of minimum friction, and the force required to move the sheet is due only to the force of bending and unbending the sheet. In the second step, the same pin is fixed preventing any movement. The force required to move the sheet is then made by bending force plus the friction forces. Thus, the bending force is removed and it is obtained as a result only the friction forces.
The machine used for measuring friction, see Figure 2 , was designed in order to measure and evaluate the coefficient of friction in stamping and is based on the BUT test. For this, there are two hydraulic cylinders which have the function of making a strip of sheet sliding over a pin. These hydraulic cylinders were mounted on a triangular structure that aims at decreasing the influence of vibration giving more stability to transmit forces during the test. On the upper vertex of the machine there is a pin that can be supported with or without bearings, see Figure 2 . This pin passes on the strip of sheet with bending angle of 90 degrees.
On the left side of the machine there is a load cell coupled to the hydraulic cylinder, which has a role of measuring the pull force acting on the sheet. On the right side of the machine, there is another load cell that has the function of measuring the back tension force acting. Coupled with the pin there is a torque sensor, which is designed to measure the torque on the pin. Below the pin, there is a load cell that is designed to measure the vertical force on the pin.
2) Equations Used to Determine the Friction Coefficient Just as there are variations in the basic form of the BUT test, the equations that are used to estimate the friction are also different. Some differences depend on the equipment that is used, but different authors have proposed different forms of the equations. The first approach to calculating the COF (Coefficient of Friction) was based on the pulley equations. In this case, the friction at the interface of the pin and strip is given by a natural logarithm of the ratio between the pull and the back forces, as can be observed in Equation (1).
where F 1 is the pull force and F 2 is the back force. The term 2/π refers to the angle of 90 degrees between the forces F 1 and F 2 . However, as discussed above, the test must be performed two times so that the bending force can be subtracted from the total force measured in the fixed pin. Therefore, a term was added to Equation (1) . that refers to the bending strength of the sheet. This term, called the bending force (F b ), is included in Equation (2) . This force is obtained by subtracting the pull force from the back force, which are represented by
F in Equation (3), respectively, when the test is performed with the pin free.
As can be observed in Equations (1) and (2), the geometry of the test (the radius of the pin and the sheet thickness) has no contribution to the friction. Therefore, another equation was proposed to calculate the COF where the radius of the pin and sheet thickness are taken into account; this is given in Equation (4). This equation was used in several previous studies [8] 
where t is the sheet thickness and R is the radius of the pin.
All the equations mentioned thus far are composed of a natural logarithm of the ratio of two or more forces. Another approach was proposed to calculate the friction and is given by Equation (5). This equation was used and described by [12] [13] .
In Equation (5), F 1 is the pull force, F 2 is the back force, F b is the bending strength, and Θ is the sheet angle of bending.
In the work of [1] and [14] , the authors made use of a torque sensor on the pin in the BUT test to eliminate the second step of the test when the pin is free to rotate. Equation (6) , developed by Sniekers and Smits [1] , shows how the COF is calculated with the torque measurement,
where the term F 0 d represents the torque on the pin, F 1 is the pull force and F 2 is the back force.
The equation used by Andreasen et al. [14] in their work was developed to account for the friction stress that occurs at the pin-sheet interface and is given by Equation (7). 
where τ is the friction stress, T is the torque on the pin, W is the width of the strip and R is the pin radius.
It can be observed that to calculate the COF, several approaches have been proposed, but for calculating the contact pressure between the sheet and the pin, all authors use the same equation, given by Equation (8),
where p is the contact pressure, F 1 is the pull force, F 2 is the back force, W is the width of the strip and R is the pin radius.
The ratio of Equations (7) and (8) gives the COF, shown in Equation (9).
( )
The contact pressure which is calculated by the Equation (8) 
There is also a third variation of Equation (8) that was proposed by Sube [17] and is shown in Equation (11).
The material that was used in this study is commercially pure aluminum Al 1100 and the properties are described in Table 1 .
Results and Discussion
1) Evaluation of the Contact Pressure by Pressure Sensor
With the intention of measuring the contact pressure which acts on the pin in the BUT test, a polymer film capable of measuring the pressure between two surfaces was used. This film is called Pressurex® and is marketed by the Sensor Products Inc Company.
The Pressurex® is a base film of mylar (polyester) containing a layer of micro capsules. The application of force on the film causes the microcapsules to rupture, producing an instantaneous image and high-resolution topography permanent pressure variation across the contact area ( Figure 3 ). The color intensity of Pressurex® is directly related to the amount of pressure applied to it. The higher the pressure, the more intense the color. The numerical value of pressure is measured using a standard color intensity which is supplied by the manufacturer (see Figure 4) . The Pressurex® film has a thickness of 0.1 to 0.2 mm, which allows it to be applied to curved surfaces as well.
Through Pressurex® film, evaluation of the intensity of contact pressure both in stamped piece as the strip during the BUT test was made. Figure 5 shows the application of Pressurex® film at three stages of deformation of the stamped piece. As the film pressure acts under static conditions, it was necessary to measure the pressure with a minimum of slippage between the blank and die, so a preliminary deformation in the sheet was made prior to placing the film itself. Figure 6 shows the result for the BUT test with the pin fixed. The results obtained by the application of pressure film are shown in Figure 7 , both for stamped piece and to the pin. The pressure measurement was made with the film only for the piece with the greatest deformation ( Figure 5(a) ), since at this stage the piece has reached the maximum stamping force. The first important observation of Figure 7 is that the pressure level is reached around 30 MPa. Another observation is that the action of this pressure is not around the bend angle of 90 degrees, it acts on a region internal to that angle. This generates an error because the Equations (8), (10) and (11) consider the contacting area as being covered by all the bending angle, which was not observed. These results were already found by previous studies that were shown at the beginning of this work, but no direct measurement was made of the amount of pressure, the maximum that was obtained was a result of measurement in volts at work of [5] and other results were numerical simulations of this test. To get a more precise idea of the influence of contact pressure levels for different request of the sheet, measurements were made with Pressurex® film in the pin of BUT test for 3 levels of pressure. Figure 8 shows the strength of each side of the sheet for these three pressures, called "Maximum, Medium and Minimum". Tests were made with the fixed and free pin. The level "Maximum" corresponds to the pressure that is applied in the sheet very close to its rupture. The level "Minimum" is the minimum amount of pressure the machine applied to sheet, with is merely the force required to move the hydraulic cylinder without applying load. And the level "Medium" corresponds to an intermediate value between the Maximum and Minimum. By Figure 8 it is seen that when the pin is rotating freely, independent of pressure, the difference of the forces remained constant and that when the pin is fixed only the pullforce is increasing. In Figure 9 the torque value increases proportionally with increasing pressures.
As one of the aims of this study is to evaluate the contact pressure acting on the BUT test, the vertical force acting on the fixed and free pin was obtained. The contact pressure is then given by the ratio between the vertical force that acts on the sheet and the contact area of that force. Figure 10 shows the vertical force measured for the three pressure levels. It can be seen that the greater the forces acting on each side of the sheet, the greater the vertical force. It is possible also note that the measurements with pin free the pressure curves "Medium" and "Maximum" were very close, eventually being inverted of position. This is due to the load cell that makes an average of the pressures acting on the sheet. This becomes evident in Figure 11 , which are the Pressurex® films obtained in these tests. In the case of measuring the "Medium" and "Maximum" pressure for the free pin it can be seen that the color, and therefore the pressure, are similar being in the order of 28 MPa each one. Also in Figure 11 it is noteworthy that for measurements with the fixed pin, there are two characteristic peaks at the beginning and end of the bending angle of the sheet, which is in agreement with the studies of several authors, described at the beginning of this paper. Figure 11 shows the visual result of the measurements, i.e. qualitatively, however, in Figure 12 , these results are shown in quantitative values. In these figures it is evident that there are very pronounced peaks of contact pressure in the bending angle of the sheet. The dashed straight lines in both figures show how would be the average linear pressure peaks. Figure 12(a) shows the result when the pressure begins and ends in zero and Figure 12(b) shows what would be this mean linear when the starting and ending points are ignored. In this circumstance (Figure 12(b) ) the average linear pressure is much higher than in Figure 12 With measurements of the vertical force on the pin is possible to estimate the contact pressure acting on the pin. The first important observation obtained by in Figure 12 (a) is that the contact area of the pin with sheet does not work in all 90 degrees, so it must be corrected. Table 2 shows these results. The contact pressure between the sheet and the pin was calculated for each pressure level using Equations (8), (10) and (11), Equation (8) was also calculated with the correct contact area. Additionally, the contact pressure was calculated as the ratio of the measured vertical force on the pin with the real area of contact pressure. Two other situations corresponding to the minimum and maximum estimated pressure were analyzed. The estimated minimum pressures were obtained from Figure 12 (a) through the linearization of the curve points considering the start and end zero points. The estimated maximum pressures of Figure 12 (b) were obtained by linearization of the curve points without the start and end zero points. It is possible notices that if the start and end zero points are ignored there will be a difference between 60 and 70% compared to the vertical force measured. However if the start and end zero points are considered the difference will be minimal. Figure 13 shows the values of Table 2 graphically. 2) Calculation of the Friction Coefficient through the BUT Test Through the measurements of torque and forces on each side of the sheet is possible to calculate the coefficient of friction for each equation described in Section 2. Table 3 shows these results. It can be seen that the friction coefficient remains almost unchanged independent of the level of pressure applied. It is noteworthy that the Pressurex® film acts as an interface element separating the two surfaces, i.e., a dry solid lubricant, since the film must be used with the surfaces clean and dry. In other words, the Pressurex® film keeps the ratio between the frictional force and the normal force always the same, regardless the pressure that is applied, and this is the expected behavior of a good lubricant performance, where the lubricating layer does not breaks with pressure. This indicates that a lubricant of good performance, should besides decreasing the amount of friction, keeping it constant during the forming process. Figure 14 shows the values of Table 3 in graphical form. Equation (1) gives higher friction coefficients because it does not ignore the bending strength of the sheet. Thus, Equation (1) must not be used for calculating the coefficient of friction.
Conclusions
Regarding the measurement of contact pressure with the Pressurex® film:
The Pressurex® film proved to be effective in predicting the pressures associated with contact of the sheet with the pin, which is in full agreement with the results obtained by other authors. The finding of the contact pressure through the Pressurex® film showed that the measuring of vertical force on the pin is closer to the real values than the equations used so far for this.
Another important contribution is that the Pressurex® film shows what is the exact area of contact between the sheet and the pin and that will always be smaller than the area calculated geometrically, no matter the level of pressure applied. This brings an important correction in attempt to calculate the contact pressure.
Furthermore, in measurements with the Pressurex® film was found that the friction coefficient remained virtually constant for the various equations in three pressure levels. This suggests that a great lubricant performance is not necessarily one that generates the lowest levels of friction but one that can maintain constant friction with the variation of pressure applied.
